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ABSTRACT

A papainlike cysteine protease (PCP) domain in the N-terminal region of the equine
arteritis virus (EAV) replicase was identified by in vitro translation and mutagenesis
studies. The EAV protease was found to direct an autoproteolytic cleavage at its C-terminus
which leads to the production of an approximately 30K N-terminal replicase product (nspl)
containing the PCP domain. Amino acid residues CyslM and His230 of the EAV replicase
polyprotein were identified as the most likely candidates for the role of PCP catalytic
residues. It was shown that cleavage occurs in cis between Glf60 and Gly261.

INTRODUCTION

Equine arteritis virus (EAV) is an enveloped positive-stranded RNA virus. Its
isometric nucleocapsid core contains a nonsegmented 12.7 kb genome (for a recent review:
see reference 1). The morphological characteristics and genome size of EAV are most
comparable to those of togaviruses. However, we have recently described2•3 that the EAV
replication strategy is similar to that of coronaviruses (for a review: see reference 4) and
toroviruses5,6, which possess 25-31 kb positive-stranded RNA genomes. Among their
common features are a polycistronic genome organization, the same basic gene order (5'
replicase gene-envelope protein genes-nucleocapsid protein gene-3'), and the production of
a 3'-eoterminal nested set of 4 to 7 subgenomic mRNAs. The 5' part of the genomes of
these viruses is occupied by two large open reading frames (ORFla and ORFlb) which
encode the viral replicase2,6.7,8.9. Both ORFla and ORFlb are expressed from the genomic
RNA, the latter by means of a ribosomal frameshifting mechanism2.6,lO. The predicted
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ORFlb products of corona-, toro-, and arteriviruses contain a number of homologous
protein domains2.6•

s which, in addition to the other similarities described above, indicate
that these viruses are evolutionarily related. We have therefore proposed these viruses to
be members ofa coronaviruslike superfamily ofpositive-stranded RNA viruses2.6• The large
EAV replicase gene product (345K) is presumed to be a polyprotein precursor which is
posttranslationally cleaved into smaller functional units. In the 187K ORFla amino acid
sequence putative papainlike cysteine protease and trypsinlike serine protease domains were
identified2(Fig. I). We have now initiated a study of the coronaviruslike replicase using
the relatively small EAV replicase gene as a model.

RESULTS

Reconstruction and in vitro translation of EAV ORFla

The analysis of the posttranslational processing of the EAV replicase polyprotein
was started by reconstructing ORFla from seven overlapping cDNA clones. In transcription
vector pEAVla a full-length cDNA copy of ORFla is located downstream of the 17 RNA
polymerase promoter. In addition, a set of pEAVla deletion mutants (plae. 1 through
plae.8) was produced which contained termination codons for translation at various
positions in ORFla. To create termination codons for translation, NheI linkers (5'
CTAGCTAGCTAG 3') were inserted into the following pEAVla restriction sites: Sad (nt
858), HindIII (nt 1501), KpnI (nt 1802), San (nt 2608), NheI (nt 2878), ApaI (nt 3688),
EcoRV (nt 4263), and BamHI (nt 5115). Nucleotide (nt) and amino acid (31) sequence
numbers refer to the EAV genomic and protein sequences which we have published
previously2.

Vector pEAVla and the plae.n constructs were used to transcribe a set of 3'
truncated RNAs from which an increasing part of ORFla could be translated. In vitro
translation was carried out in a rabbit reticulocyte lysate (promega) in the presence of
rSS]methionine (l h at 30°C). A direct SDS-PAGE analysis of the translation products of
the plae.n series and pEAVla is shown in Fig. 1. Only plae. 1, which contained a
termination codon in the center of the putative PCP domain, produced a protein of the
predicted size. All other constructs gave rise to a prominent product of about 30K and to
accompanying bands which were smaller than predicted from the (partial) ORFla amino
acid sequence. These data indicated that an approximately 30K protein was cleaved from
the N-terminus of the EAV ORFla product. The putative PCP domain, which resided in
this cleavage product, could be involved in this proteolytic event.

Analysis and mutagenesis of the EAV pcp domain

Typical papainlike cysteine proteases show a requirement for at least one cysteine
and one histidine residueII . On the basis of amino acid sequence comparison of the ORFla
sequence and cellular and viral papainlike thiol proteases, Cysl64 had been proposed as
active site residues of an EAV papainlike cysteine protease2• His219 and His230 were
considered the most likely candidates for the role of catalytic His. To prove that the EAV
PCP domain was responsible for the observed proteolytic processing of the ORFla protein,
amino acid substitutions were introduced into the ORFla sequence. Transcription vector
pCPO (Fig. 2), encoding a 46K product which is cleaved into 30K and 16K polypeptides,
was used as a basis for these experiments. Derivatives of this construct were used to test
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Fig. 1. In vitro translation results from
EAV ORFla expression constructs.
A schematic representation of the ORFla
region of the EAV replicase gene is
shown. The positions of the predicted
papainlike cysteine protease (CP) and
trypsinlike serine protease (SP) domains
are indicated. The restriction sites were
used in the construction of the expression
plasmids plaAl through pla.l>8 and
pEAVla. Plasmids plat> 1 through pla68
and pEAVla were used for in vitro
transcription of a 3'-truncated set of
RNAs from which an increasing part of
ORFla could be translated. The RNAs
were translated in a rabbit reticulocyte
lysate in the presence of PSS]methionine
and direct analysis of translation products
was performed by SDS-PAGE.
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Fig. 2. Identification of possible active site
residues of the EAV papainlike cysteine
protease.
Amino acid substitutions were introduced
into construct pCPO (plat>2 from Fig. I) and
tested by in vitro translation and SDS-PAGE.
Mutations are indicated at the top of each
lane; the name of the corresponding
expression plasmid is shown at the bottom of
the lane. The 46K full-length translation
product and its 30K and 16K cleavage
products are indicated.
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the influence of substitutions at the positions of Cysl64, His2l9
, and His230. Nucleotide

changes were introduced by oligonucleotide-directed mutagenesis and mutations were tested
by in vitro transcription and translation (Fig. 2).

Both the rather conservative substitution of Cysl64 by Ser as well as the Cysl64 to
Gly mutation completely abolished proteolytic activity, indicating that this Cys residue is
indeed essential for the protease function. Replacing His219 by either Ala, Gly, or Val did
not affect cleavage to a significant extent. In contrast, the same set of substitutions at the
position of His230 exhibited an effect similar to that observed after replacing Cysl64: the
His23°-Val substitution completely inhibited proteolytic activity, and only traces of cleavage
products could be detected after translation of the Ala230 and Gly230 mutants. These results
confirmed that the 5' region of the EAV genome encodes a proteolytic domain which is
responsible for the observed cleavage event.

Activity of the EAV pcp domain in E. coli and identification of the PCP cleavage site

The bacterial expression vector pGEX-2T (pharmacia) was used to express the N
terminus of the EAV ORFla polypeptide as part of a bacterial fusion protein. The 86K
fusion protein contained a pGEX-derived 26K glutathione S-transferase (GST) moiety,
followed by 9 aa encoded by the EAV 5' untranslated region, the 528 N-terminal aa of the
ORFla product (including the PCP domain), and 33 aa encoded by a short in-frame vector
sequence. Remarkably, the construct did not only produce an 86K fusion protein: it also
yielded 55K and 32K bands. In view of the data obtained with the plaAn series (see above)
and the 26K size of the GST part of the fusion protein, it was concluded that the EAV PCP
domain was functional in E. coli. This was confirmed by the introduction of mutations into
the PCP domain of the fusion protein.

The 55K bacterial expression product represented the N-terminal cleavage product
consisting of the GST part and the previously observed 30K EAV ORFla protein. The
amount of the 32K C-terminal cleavage product was sufficient to allow purification for
N-terminal microsequencing. The following amino acid residues were found to constitute
the N-terminus of the 32K cleavage product: Gly-Tyr-Asn-Pro-Pro-Gly-Asp-Gly-Ala. This
sequence is present at aa position 261-269 in the EAV ORFla protein, indicating that
cleavage takes place between Gly260 and Gly261 in the EAV sequence.

The EAV PCP is a cis-acting protease

To test whether the EAV PCP can function in trans, the protease domain and a
number of the mutants described above were used in trans-cleavage assays. To test
posttranslational trans-eleavage, PCP-containing proteins were prepared by in vitro
translation using unlabeled methionine, while labeled (uncleaved) substrates were prepared
by translation of mutant constructs in the presence of [3sS]methionine. Translation reactions
which contained substrates were mixed with equal volumes of protease-containing reactions.
The 46K translation products derived from pCPl and pCPIO (carrying the Cysl64-Ser and
His230-Val substitutions, respectively; see also Fig. 2) were used as substrates. They
contained normal EAV cleavage sites (Glf60-Gly261), which remained unprocessed due to
mutations in the protease domains. Though mixtures of substrates and proteases were
incubated at 30°C for up to 7 h, both nspl and its precursor were unable to produce
detectable amounts of 30K and 16K cleavage products. The possibility of cotranslational
trans-cleavage was excluded, by mixing transcripts encoding substrates and proteases and
translating them in the same reaction.
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DISCUSSION

Although the available coronaviruslike replicase sequences have been searched for
possible protease domains extensively, - even their cleavage sites have already been
predicted9.12.13 - there is little experimental evidence which supports these theoretical
analyses. The presence of a number of ORFla- and ORFlb-encoded proteins in MHV
infected cells has been reportedl2,14. However, coronavirus proteases have not yet been
studied in detail, and replicase cleavage sites and processing pathways remain to be
elucidated.

In this paper the first detailed analysis of a protease domain which is located in a
coronaviruslike replicase is reported. The identification of a Cys and a downstream His as
putative active site residues indicates that this EAV protease is related to the cellular
papainlike enzymes, and can therefore be added to the short but growing list of viral
papainlike cysteine proteases. In a recent review, Gorbalenya et al. ls discriminated between
a group of viral PCPs which mediate the production of a single N-terminal cleavage
product (the so-called 'leader proteases') and PCPs which are thought to be 'main'
proteases involved in multiple processing steps. Of the latter group only the PCP domain
residing in the Sindbis virus (SIN) nsp2 has actually been shown to possess proteolytic
activityl6; it is responsible for the production of the non-structural SIN proteins from a
polyprotein precursor.

The EAV PCP clearly belongs to the group of leader proteases, which (among
others) includes the potyvirus helper component proteasel7.18 (HC-Pro) and the p29 protease
of the hypovirulence-associated virus (HAV) of the chestnut blight fungusI9•2o• Although the
overall sequence similarity between the EAV domain and these two well-studied leader
PCPs is very limited, some striking similarities can be observed. The spacing between the
putative catalytic Cys and His residues is similar and clearly different from the spacing in
cellular papainlike proteases. In addition, all three proteases efficiently cleave a Gly-Gly
dipeptide which is located 30-41 aa downstream of the putative active site His residue.

We have failed to detect other cleavage events after in vitro translation of ORFla
specific RNAs. This is surprising since, in addition to the PCP domain, the larger
constructs from the plat.n series (plat.7 and plat.8) and the full-length ORFla construct
contain the coding information for the putative EAV serine protease2 (aa position 1090
1210). Although several additional bands were observed (Fig. 1), none of them can be
explained as the obvious result of proteolytic processing.

We are currently preparing antibodies specific for ORFla-encoded proteins, which
will enable us to study the in vivo processing of the ORFla product. Using an anti-peptide
rabbit antiserum directed against the N-terminal part of the ORFla product, we have
recently identified the 30K EAV nspl in infected cells. This may enable us to study the
function of nspl which contains a cysteine-rich N-terminal region, in addition to the
C-terminal PCP domain. Also EAV nsp2 (starting with Gly261) will be the subject of future
study.
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